Introduction
With a frequency of approximately 1 in 2500 live births, cystic fibrosis (CF) is the major genetic inherited disease in Caucasian populations. The disease is due to mutations in the gene CFTR (Cystic Fibrosis Transmembrane conductance Regulator), which encodes a chloride channel involved in electrolyte exchanges at the apical membrane of numerous epithelial cell types. 1, 2 Although several organs are affected prognosis hinges on the severity of the lesions of the lungs. In the respiratory tract, CFTR gene mutations lead to a defect in the efflux of chloride and bicarbonate anions, and therefore to the dehydration of the bronchial mucus, resulting in a sticky viscous mucus which allows the entrapment of airborne bacteria and fungi. 3, 4 The respiratory tract therefore is often colonized by various microorganisms, including yeasts and filamentous fungi. For a review on cystic fibrosis and its clinical manifestations, see Castellani and Assael 2017. 5 Over the past decades, considerable attention has been paid to improve the treatment and prevention of bacterial respiratory infections, which leads to a marked increase in life expectancy. [6] [7] [8] However, microorganisms other than bacteria, including fungal species, also colonize the respiratory tract of CF patient, sometimes causing respiratory infections of which the frequency of these infections regularly increased along with the increase in life expectancy. [9] [10] [11] [12] [13] Among fungi, Aspergillus fumigatus remains by far the most common agent of airway colonization, but other fungal species are increasingly reported, such as Scedosporium species, A. terreus, Exophiala dermatitidis, Lomentospora prolificans (formerly Scedosporium prolificans), and Rasamsonia species. 9 The prevalence of these fungi in the CF context is certainly underestimated due to the lack of standardization for mycological examination of clinical samples, and the limited knowledge of some of these fungi. 14 Apart from A. fumigatus, which is well known by clinicians and microbiologists involved in the followup of CF patients, the clinical significance of the recovery of fungi from respiratory secretions still remains to be defined. Additionally, some of these fungal species present an innate resistance or limited susceptibility to current antifungals, thus leading to major therapeutic problems in case of disseminated infections in immunosuppressed individuals.
Numerous questions therefore remain regarding fungal colonization of CF airways. Studies aiming to improve the diagnosis of these infections or their treatment, as well as basic research on the ecology of these fungi, their biochemistry, their pathogenic mechanisms or their antifungal resistance mechanisms should be promoted. To address these questions, the International Society for Human and Animal Mycology (ISHAM) launched a working group on Fungal respiratory infections in Cystic Fibrosis (Fri-CF) in October 2006, which was approved by the European Confederation of Medical Mycology (ECMM) in 2009. Since then, four meetings have been held, together with dedicated sessions in the ISHAM congresses in Berlin (2012) and Melbourne (2015) . These meetings provided the opportunity to initiate collaborative works that will be highlighted in this review, especially in three areas: (i) the improvement of the biological diagnosis of fungal colonization of the airways/respiratory infections, (ii) the pathogenesis of fungal infections coupled with the genome sequencing project in Scedosporium species, and (iii) treatment of these infections.
Improving the biological diagnosis of fungal respiratory infections in CF
Recurrent respiratory infections leading to a significant inflammation of the respiratory tract are the major cause of morbidity and mortality in patients with CF. [15] [16] [17] Pseudomonas aeruginosa plays the most important role regarding acute and chronic infections of the respiratory system in CF. 17, 18 However, fungi have recently moved into the focus because of increasing awareness as airway colonizers in CF. 19 Whether this is due to improvement of the detection methods or to more frequent use of antibacterial and anti-inflammatory treatment in an aging patient cohort is subject to an ongoing discussion. Filamentous fungi are more common in patients with CF with advanced lung disease. 20, 21 Our knowledge on predisposing factors for a fungal colonization of the airways or a fungal respiratory infection is limited, especially regarding possible genetic factors of susceptibility. Several single nucleotide polymorphisms (SNPs) have been identified as risk factors for invasive aspergillosis or allergic broncho-pulmonary aspergillosis (ABPA). 22, 23 However, these SNPs have been investigated in patients with hematological malignancies or in asthmatic patients, and only few studies focused on the genetic risk factors for a fungal colonization of the airways or respiratory infection in CF. It has been suggested that susceptibility or resistance to ABPA in CF could be associated with particular HLA antigens, HLA-DRB1, and HLA-DQB1, respectively. 24, 25 Polymorphisms in the promoter region of the gene encoding interleukin (IL) 10 may also influence the host response to A. fumigatus in the context of CF. 26 Some SNPs in the gene encoding the IL-4 receptor alpha chain, principally ile75val, appear to be a genetic risk for the development of ABPA. 27 Even if A. fumigatus remains the most frequent filamentous fungus colonizing the airways of CF patients, several studies have established that a large variety of molds may be recovered from CF respiratory secretions. 9, [28] [29] [30] [31] [32] [33] Nevertheless, discrepancies in their respective frequency may be seen from one study to another, depending on the geographic origin of the patients, variations in the demographic characteristics of the CF population studied or differences in the methodologies employed for detection or identification, making it difficult to compare data across studies.
Toward standardization of culture procedures
A detailed qualitative and quantitative microbiological analysis of sputa recovered from CF patients is as a prerequisite for the management of these patients. 28 However, the prevalence of fungal colonization in CF patients greatly varies from one study to another. The lack of standardized procedures for mycological examination of CF sputum samples at least partly explains these discrepancies. 14 For instance, great variations can be seen in routine procedures used in clinical laboratories, such as the absence of prior digestion of the samples or the use of different mucolytic agents and different durations or temperatures for the digestion step, as well as in the dilution of the digested sputum, in the volume of the sample analyzed, in the number and nature of the culture media used or in the incubation time and duration of incubation.
Homogenization of CF sputum with a mucolytic agent (such as dithiothreitol or dihydroxy-1,4-dithiolbutane) clearly increases the sensitivity of fungal detection, compared to culture of undigested sample. 29 Conflicting results, however, were reported by Pashley et al. 30 since inoculation of neat sputum plugs conferred better results than the recommended procedure, that is, culture of homogenized and diluted sample (plugs plus saliva).
Mycological culture media, such as Sabouraud glucose agar (containing mycological peptone, glucose, and agar) or yeast extract-peptone-dextrose-agar (YPDA), both supplemented with antibiotics (mix of chloramphenicol and gentamicin for example) have to be included in the routine microbiological analysis of polymicrobial respiratory secretions from CF patients, as fast-growing bacteria can inhibit growth of fungi when inoculated on standard bacteriological media. 31 Combination of antibiotics succeeds in inhibiting most bacteria including P. aeruginosa. 32 For instance, utilization of culture media supplemented with antibiotics increased the number of CF patients who were culture-positive for fungi from 18% to 78%. 33 In addition to the inhibition of bacterial growth it is also recommended to suppress the growth of rapidly grow-ing fungi, for example, A. fumigatus, to facilitate the detection of Scedosporium/Lomentospora species. Scedosporium species usually rank the second among the filamentous fungi colonizing the CF airways, after A. fumigatus, and are often associated with this fungus. 34 In 2015, the first recommendations for microbiological examination of sputum samples from CF patients were published by the French Society for Microbiology. 35 They include a systematic search for fungi in parallel to bacteriological examination, by prior digestion of the sample with a mucolytic agent, followed by a 1/10 dilution of the digested sample and a final inoculation of a defined volume in parallel on a chromogenic medium for detection of yeasts, two Sabouraud dextrose agar or YPDA plates supplemented with chloramphenicol and gentamicin and also with 0.5 g/l cycloheximide for one of them. 35 To inhibit growth of the aspergilli and facilitate detection of Scedosporium species, inoculation of respiratory secretions onto dichloran-rose Bengal-chloramphenicol-agar supplemented with benomyl (DRBC-benomyl), which has been developed for microbiological analysis of food or soil samples, [36] [37] [38] [39] [40] may lead to an increase in the number of Scedosporium culture-positive samples. 14 Likewise, a new semi-selective medium, called SceSel+, based on modified Leonian's agar and supplemented with antibiotics (ciprofloxacin, chloramphenicol, streptomycin), dichloran and benomyl, initially developed to improve the detection of Scedosporium species from environmental samples (water, sediment and soil) 41 has been reported to have benefit in the detection of these fungi from CF sputum. In a monocentric German study, 5.3% of CF respiratory samples were culture-positive for Scedosporium species using the SceSel+ medium compared with 2% using standard microbiological procedures. 42, 43 This was confirmed in a prospective multicenter study encompassing 11 CF centers in the same country where the benefit of SceSel+ culture medium over standard media was documented on 5472 samples. 44 In Australia, Scedosporium species were recovered on SceSel+ and Sabouraud glucose agar from 90.6% and 46.9% of the specimens tested, respectively. 45 Recently, two multicenter studies have been performed in France and in different European countries plus Australia, respectively. Results from these studies will lead to the implementation of guidelines for mycological examination of respiratory secretions in CF.
Improvement of the identification methods
Correct identification of yeasts and moulds recovered from respiratory secretions from CF patients is required, not only to improve our knowledge on the epidemiology of fungal infections in this clinical context but also for early detec-tion of difficult to treat species capable of chronic colonization of the airways and of hematogenous dissemination in case of lung transplantation. Until recently, yeasts were identified according to their carbohydrate assimilation pattern and moulds by their macroscopic and microscopic features according to standard descriptions. Alternatively, species identification can be obtained by sequencing short variable genetic regions and subsequent comparison with reference sequences stored in appropriate databases. Sequencing the internal transcribed spacer (ITS) 1 and 2 regions of ribosomal DNA, the official fungal DNA barcode, is most widely used, 46 but sequences of other genes including the β-tubulin or calmodulin genes may be more relevant for precise identification within the Scedosporium genus or the R. argillacea species complex. [47] [48] [49] Matrix-assisted laser desorption ionization-time of flight/mass spectrometry (MALDI-TOF/MS) is now increasingly used for routine identification of yeasts. 50, 51 This technology is also about to revolutionize the identification of moulds as it could replace the traditional examination of macroscopic and microscopic morphology requiring highly skilled mycologists. 52 Indeed, several mycological research teams have demonstrated that MALDI-TOF/MS could be used successfully for identification of filamentous fungi belonging to the genera Aspergillus, Fusarium, Penicillium, and Scedosporium or to the order Mucorales. [53] [54] [55] [56] [57] Common prerequisites are the previous establishment of adequate reference spectrum libraries and the optimization of the initial extraction procedure. A first-developed relevant database including 146 strains belonging to only 63 species and 33 different genera allowed the identification at the species level of 87% of the isolates identified in the routine activity of a clinical laboratory for 5 months. 58 A second-developed relevant library comprising 294 individual isolates representing 152 species and 76 genera allowed the identification of 88.9% of blinded clinical isolates at the species level, 4.3% additional isolates at the genus level, the remaining strains corresponding to Basidiomycetes or Penicillium that were not represented in the database. 59 Nevertheless, improvement of the databases is still needed since cryptic species have not been identified to date using all MALDI-TOF equipments. Results appear system-specific, and for instance only some of the available MALDI-TOF instruments include in their supplied databases reference spectra allowing precise identification of Scedosporium species, and differentiation within the R. argillacea species complex is currently not feasible.
In addition, one may be cautious when interpreting the results of mycological examination of sputum cultures because of their possible contamination by environmental molds with the prolonged incubation time, and of possi-ble transient carriage of inhaled fungal spores that were entrapped into the sticky bronchial mucus at time of sampling. Apart from the recovery of well-known CF pathogens (listed in the Introduction section), analysis of repeated sputum samples is required before to consider the isolated fungus as responsible for an airway colonization or respiratory infection, particularly for non-thermotolerant species.
Genotyping
Typing is very useful to study fungal colonization or infection occurring in a single patient, especially in the CF context. Genotyping methods permit the differentiation between transient carriage of always distinct genotypes unable to establish within the respiratory tract and without clinical significance, and a chronic colonization of the airways by one or two genotypes conserved over time, which may contribute to the inflammatory reaction and therefore to the progressive deterioration of the lung function. 60 This was illustrated in some collaborative studies performed within the working group.
Regarding pathogenic Scedosporium species, a multilocus sequence typing (MLST) scheme was developed and is accessible at http://mlst.mycologylab.org, allowing for large epidemiological studies due to the fact that the highly reproducible genotyping results obtained for the different loci investigated are comparable worldwide. [61] [62] [63] Recently, a panel of sequential and multiple isolates collected from nine CF patients was analyzed using this MLST scheme and the automated Diversilab system based on polymerase chain reaction amplification of repetitive sequences (rep-PCR). 64 Both methods gave similar results, confirming previous results obtained on the same set of isolates by random amplification of polymorphic DNA (RAPD). Some of the patients were colonized by a single genotype conserved over time, while the others exhibited a predominant genotype associated with one or two genetically closely related genotypes found occasionally. 64, 65 Microsatellite-based typing was used to show that several distinct genotypes of A. fumigatus could be frequently isolated in the same sample, as multiple genotypes were identified in 88.3% (53/60) of all samples with multiple isolates. 66 This co-colonization concerned the eight patients included. Most of the genotypes differed at multiple loci, suggesting that several distinct strains were able to colonize the patients. This method also demonstrated that some strains of A. fumigatus are capable of persistent colonization, while others are only found transiently. All patients but one were colonized by at least one persistent strain. 66 Similar results were also reported for other fungal species associated with CF. For example, 115 clinical isolates of A. terreus collected from respiratory secretions of five CF patients were analyzed by microsatellite-based typing. 67 Seventeen genotypes were identified, corresponding to three distinct colonization patterns: (i) a chronic colonization by one dominant genotype associated with few other genotypes found only incidentally; (ii) a prolonged colonization by two distinct genotypes detected simultaneously; and (iii) multiple different genotypes that were present only transiently. 67 Likewise, rep-PCR typing was useful for strain delineation within the R. argillacea complex. In one study, 116 isolates of this species complex from 26 CF patients were analyzed. Of 29 genotypes, seven were shared between different patients, while 22 were patient specific. In each clinical sample, most isolates exhibited an identical genotype. Some genotypes of R. argillacea and R. aegroticola were found persisting for months or years in sequentially sampled CF patients, suggesting that these species chronically colonize the airways of CF patients. 68 
DNA-based detection methods
Several methods have been proposed allowing detection of a specific fungal species or a species complex. For example, a PCR-based assay was developed recently for specific detection of some Rasamsonia species from respiratory secretions from CF patients. 69 This assay reliably detected the three species of the R. argillacea complex that are known in CF (R. argillacea, R. piperina, and R. aegroticola), but not the fourth species of this complex, R. eburnea, which has never been reported from CF. 49 Nagano et al. 33 demonstrated on sputa from CF patients (77 adults) the superiority of molecular methods compared to conventional cultures even using YPDA supplemented with antibiotics (cotrimoxazole, chloramphenicol, ceftazidime, and colistin). In addition, some species, such as Saccharomyces cerevisiae, Malassezia spp., Fuscoporia ferrea, Fusarium culmorum, Acremonium strictum, Thanatephorus cucumeris, and Cladosporium spp. could only be identified by DNA extraction followed by PCR amplification of the ITS2 region of the rDNA gene cluster and sequencing of the obtained amplicons. However, even if direct DNA detection from sputa usually gave a high degree of sensitivity and speed for the detection of fungi, some fungi were detected only by cultures (for example, four of the patients were found to be colonized by A. fumigatus by cultures whereas the fungus was never detected by PCR). Thus, molecular methods should be considered as a complementary approach rather than an alternative to mycological cultures. 28 More attractive methods have been proposed allowing both direct detection and identification of the different species that may be encountered in sputum samples from CF patients. In this field, a pioneering study was based on an oligonucleotide array. 70 Using species-specific oligonucleotide probes designed from the ITS regions of the ribosomal RNA operon, this method was able to identify 20 fungal species. A total of 57 sputum samples collected from 39 CF patients was analyzed by this method, in parallel to mycological examination using five different agar plates, that is, ChromAgar Candida (Becton Dickinson, Paris, France), Sabouraud dextrose agar supplemented with chloramphenicol and gentamicin (Becton Dickinson), Sabouraud dextrose agar supplemented with chloramphenicol and cycloheximide, Dichloran-Rose Bengal agar supplemented with benomyl, and erythritol-chloramphenicol agar, which were incubated at two different incubation temperatures (37 • C and 25 • C). For 16 sputum samples (28%), concordant results were obtained between the array and culture. For 33 sputum samples (58%), the array detected more fungal species than culture did, while the reverse was found for eight samples (14%). 70 Denaturing high-performance liquid chromatography (DHPLC) which is based on the chromatographic separation of multiple fragments of double-stranded DNA in denaturing buffer, was investigated for the analysis of the fungal biota of sputa collected from four CF patients. 71 As even fungi that are difficult to cultivate, such as Malassezia spp., could be detected by molecular methods, fungal microbiota of CF samples were found to be more diverse using DHPLC than the culture-dependent method. Twelve fungal species including M. globosa and M. restricta were found by DHPLC whereas they were only three by culture. 71 A closely related method called single-strand conformation polymorphism (SSCP) was applied to the analysis of the bacterial and fungal microbiome of the airways in 56 adult patients with CF from Germany. 72 By this method, which is based on the electrophoretic separation of the amplicons on polyacrylamide gels as a result of differences in their nucleotide sequence and therefore in their conformational state, sixty fungal species were detected from sputum samples, versus 38 bacterial species. Strikingly, up to 44% of the samples were positive for Candida species, 4.1% for S. apiospermum and 4.1% for E. dermatitidis, whereas they were only 2.7% for A. fumigatus. 72 Of note, cultures were not performed in this study; additionally, comparison of the bacterial and fungal communities in successive samples (collected at different time points from the same patients) revealed relatively constant numbers of bacterial species, but great variations in the number of fungal species, suggesting stable bacterial communities with real colonizers but transient carriage of some fungal species which may have hampered the detection of real fungal pathogens. 72 These methods, however, are now being superceded by deep sequencing approaches applied to whole genome sequencing (WGS) analysis.
WGS approaches have recently been utilized to explore the respiratory mycobiome in CF patients. In a French study, sputum samples collected from four CF patients were analyzed by pyrosequencing and cultures. 73 WGS approach permitted the detection of a huge diversity of species or genera (24 vs . only four by cultures) and demonstrated a reduced diversity and richness of the microbiome in patients with decreased lung function and poor clinical status. 73 A large diversity of fungal species was also reported from the analysis of sputum samples collected from six CF patients upon admission to hospital for pulmonary exacerbation. 74 Candida yeasts and Malassezia species accounted for a large part of the fungal species detected (from 13 to 55 species per patient) without significant change in their relative abundance after two weeks of antibacterial treatment. 74 
Other noncultural detection methods
Although there is limited information in this field, analytical methods revealing fungal biomarkers, and in some cases fungal species-specific markers, may assist the rapid diagnosis of a fungal colonization of the airways. For example, A. fumigatus and other fungi including A. flavus, A. niger, and Scedosporium species, but not the Mucoromycetes, are able to produce in vitro the small volatile molecule, 2-pentylfuran (2-PF) when cultured on diverse media. 75 As this molecule is not known to be produced in normal mammalian metabolism, and has not been found in surveys of human breath, 2-PF has been proposed as a marker for detection of A. fumigatus in the respiratory tract of CF patients. In a preliminary study, 2-PF was detectable in the breath of a small number of CF patients colonized by Aspergillus species. 75 When compared with recurrent isolation of Aspergillus from sputum or bronchoalveolar lavage (BAL) fluid over two months, sensitivity and specificity values of 77% and 78%, respectively, were seen for the 2-PF detection test indicating potential usefulness of this patented biomarker. 76 Detection of a combination of some volatile organic compounds in exhaled breath has also been recently proposed as a noninvasive method to detect respiratory infections in CF patients, but larger scale clinical validation remains to be done. 77 Siderophores are small, high-affinity, iron-chelating compounds secreted by microorganisms for uptake of the extracellular iron. Two distinct siderophores, dimerumic acid and N α -methyl coprogen B, were identified from cultures of S. apiospermum under iron-restricted conditions. 78 Among them N α -methyl coprogen B which seems to be specific for Scedosporium species and which was detected from three out of five sputum samples from CF patients that were culture-positive for these fungi, could be considered as a marker of the airway colonization by Scedosporium species. 79 Nevertheless, secondary metabolism of the fungal species associated with CF should be investigated further.
For example, recent studies demonstrated that high performance liquid chromatography (HPLC)-MS/MS detection of gliotoxin, another secondary metabolite produced by nonribosomal peptide synthesis, 80 or better its more stable derivative bis(methylthio)-gliotoxin, 81, 82 from serum samples may be useful for rapid diagnosis of an invasive Aspergillus infection.
Serodiagnosis as a mean to differentiate airway colonization from respiratory infection
In the CF context, detection of serum-specific antibodies may be a valuable means of discriminating between fungal colonization of the airways and true infection. Several commercial kits are available for detection of total and specific serum IgE or IgG against A. fumigatus. A novel classification for designating the types of Aspergillus disease in CF patients (ABPA, sensitization, bronchitis, or colonization), which includes the use of these serological tests, as well as sputum analysis by culture and Aspergillus PCR and galactomannan (GM) detection has been recently proposed. 83 Four groups of patients with positive sputum cultures were defined: (i) A. fumigatus-colonized patients with or without positive PCR from sputum, but without sputum GM and humoral response (nondiseased patients); (ii) patients with bronchitis which are characterized by positive GM and DNA detection from sputum, and presence of serum specific IgG without IgE; (iii) A. fumigatus-sensitized patients with or without A. fumigatus DNA in sputum but no GM, but more importantly with the presence of serum specific IgE without specific IgG; and (iv) patients with ABPA which differed from sensitized patients by the presence of GM in sputum, together with A. fumigatus DNA in sputum and serum specific IgG. 83 While corticosteroids ± an anti-IgE therapy are widely used for treatment of ABPA, 84 triazole antifungals are required for treatment of an Aspergillus bronchitis. Other immunological markers have been investigated in the past to improve early detection of ABPA and monitoring in CF patients (for a review, see Delhaes et al. 85 ), including the thymus-and activation-regulated chemokine (TARC) 86 or serum specific IgE directed toward recombinant antigens derived from a 30-kDa protein (rAsp f 4) or a manganese superoxide dismutase (rAsp f 6) from A. fumigatus. 87, 88 Nevertheless, these tests do not seem to be in use today. By contrast, recent studies showed some interest for the basophil activation test for diagnosis of A. fumigatusinduced hypersensitivity reactions in CF patients (ABPA and Aspergillus sensitization). 89, 90 Likewise, although a further evaluation is needed, the recently commercialized enzyme-linked immnosorbent assay (ELISA) kit combining both somatic and metabolic antigens of A. fumigatus with two recombinant proteins, namely, the ribonuclease mitogillin (rAsp f 1) and dipeptidylpeptidase V, might be useful for diagnosis of ABPA in CF patients. 91, 92 Unlike A. fumgiatus, there are no standardized commercial methods to date to detect antibodies or antigens to Scedosporium/Lomentospora species, with serodiagnosis performed only in a few specialized laboratories by counterimmunoelectrophoresis (CIE) using homemade crude antigenic extracts. As numerous proteins and cell wall polysaccharides are shared by pathogenic fungi, cross-reactivity with other filamentous fungi, such as A. fumigatus may occur, leading to false-positive results. 34 Nonetheless, an ELISA assay using a crude Scedosporium somatic extract was used to assess the Scedosporium seroprevalence in a large monocentric cohort of CF patients (373), showing serum antibodies in 9.4% of the patients; 93 possible crossreactions with other fungi, however, cannot be excluded.
Recently, the potential value of a S. boydii antigen, mycelial catalase A1, in serodiagnosis of a Scedosporium infection was investigated by ELISA, using sera from CF patients. 94, 95 Whatever the Scedosporium species involved (including S. boydii, S. apiospermum and S. aurantiacum), sera from Scedosporium-infected patients were clearly differentiated from sera from A. fumigatus-infected CF patients. The assay exhibited a 100% sensitivity and a very high specificity (97.44%), with discordant results obtained for only one patient. 94, 95 Other candidate antigens include the heat shock proteins (Hsp) 70 and 90 or enolase which have been revealed to be immunodominant antigens in L. prolificans in some immunoproteomic studies. 96 The Scedosporium genome sequencing project Early research aiming at identifying fungal specific factors associated with the pathogenesis of Scedosporium infections was initially based on biochemical and molecular approaches including chromatography-based purification of proteins and cloning of corresponding genes. This strategy allowed for the identification and characterization of a range of Scedosporium enzymes potentially involved in host tissue invasion or in evasion of the fungus from the host immune defenses. 94, 95, [97] [98] [99] [100] In addition, sequence-based gene homolog approaches led to the cloning of two Scedosporium genes encoding enzymes of the dihydroxynaphtalenemelanin biosynthetic pathway. 101 This was a significant milestone as for a long time, the lack of genomic resources has seriously hampered the identification of pathogenic factors. Therefore, the ECMM/ISHAM working group on fungal respiratory infections in cystic fibrosis launched in 2011 a global program aiming at sequencing the genome of a representative strain from each of the pathogenic Scedosporium species.
Pioneering genomic resource in Scedosporium species: the S. apiospermum genome
The first sequenced genome was that of S. apiospermum sensu stricto, more precisely strain IHEM 14462 isolated in 1998 from a sputum sample from a CF patient. 102 Two distinct Illumina high-throughput sequencing technologies (a paired-end run and a mate-pairs run) together with an additional single-molecule real-time sequencing on a PacBio RSII instrument revealed a genome size of 43.4 Mbp. A total of 10,919 coding sequences (CDS) was predicted and putative functions were attributed to more than 80% of these CDS. A refined functional annotation was performed recently using Interproscan and allowed the identification of roughly 1,000 supplemental predicted proteins, which was confirmed by the analysis of transcriptomic data using the programs BRAKER/Augustus (unpublished results). As observed in other filamentous fungi, S. apiospermum genome encodes a large number of transporter proteins (particularly ATP-Binding Cassette (ABC) and Major Facilitator (MF) transporters), aspartyl proteases and transcription factors (with zinc finger C 2 H 2 or Zn( 2 )-C 6 fungal-type DNA-binding domains) ( Fig. 1) . Several two-component system (TCS) elements as well as G-protein coupled receptors were also detected and which be used for sensing of and adaptation to environmental variations. Aspergillus fumigatus and S. apiospermum exhibit high similarities in the number of genes for the main functional groups, reflecting the conservation of core components between the two species (Fig. 1 ). However, one unexpected feature was that compared with the A. fumigatus genome, the S. apiospermum genome comprises more than twice as much ankyrin repeat-bearing proteins (Fig. 1) . Although the ankyrin motif is considered to be one of the most common protein-protein interaction motifs in nature, it is described to be involved in host-pathogen interactions. 103 It is thus possible that the expanded S. apiospermum ankyrin motif-containing protein battery could participate in the establishment of the fungus within the respiratory tract of CF patients. Similarly, a greater number of genes encoding putative methyltransferases and oxidoreductases were found in the genome sequence of S. apiospermum. Whether this larger magnitude of activities allows the fungus to use a wider range of nutritive substrates or to be able to synthetize specialized metabolites remains to be elucidated.
The Scedosporium genome project, a cornerstone for all "omics" approaches Importantly, availability of the genome sequence of S. apiospermum sensu stricto likely will support in a near future the development of "omics" technologies that would help in identifying a series of candidate genes potentially involved in the adaptation and pathogenicity of this fungus, but also it will inform genomic research in the other Scedosporium species.
This was elegantly illustrated by the recent genomic assembly of a second species of the genus Scedosporium, S. aurantiacum, and more recently by the assembly and annotation of the genome of a third species, S. boydii. 104, 105 The genome of the sequenced strain WM 09.24, isolated from the environment at Circular Quay in Sydney (Australia) displayed a reduced size (39.9 Mbp) as well as a slightly reduced number of coding sequences (10,525) compared to those of S. apiospermum IHEM 14462 or S. boydii IHEM 23826 (11, 694) , isolated from respiratory secretions of a CF patient at the University Hospital in Angers, France.
Further efforts within the working group are needed to obtain a representative genome sequence for the other Scedosporium species. Such important genomic resources will enable powerful comparative genomic approaches for the identification of genes associated with specific epidemiological or physiological traits of each species. For instance, this strategy may provide the opportunity to identify genes that are present in the genome of the four species that have been identified as capable to chronically colonize the CF lungs but absent in S. dehoogii, which is common in the environment but unable to establish chronically in the respiratory tract of CF patients.
It can be also expected that the availability of the genome sequence of Scedosporium species will facilitate the development of other "omics" approaches. An illustration to this end is given by the recent publication of studies demonstrating that proteomics progressively emerges as a powerful strategy to identify promising candidates for developing innovative diagnostic and therapeutic tools for Scedosporium/Lomentospora infections in CF patients. 96, 106 Likewise, another proteomic study focused on the biochemical changes associated with germination in S. boydii and the identification of conidial-or hyphal wall-specific glycosylphosphatidyl inositol (GPI)-anchored proteins became feasible from these genomic resources. 107 In the same way, it is highly likely that Scedosporium transcriptomic data will increasingly accumulate in dedicated databases. For instance, transcriptomic analyses are currently underway to unravel the mechanisms developed by the fungus to establish within the respiratory tract of CF patients. These would certainly shed light shortly on the genes differentially expressed upon S. apiospermum exposure to the physicochemical conditions encountered in the respiratory tract of CF patients (including hypercapnia, hypoxia and acid pH), and in turn help in deciphering the crucial mechanisms allowing these opportunistic pathogens to specifically adapt to the CF bronchial mucus.
Despite the availability of the genome sequence of some Scedosporium species, further efforts are needed in order to access efficient genetic strategies for exploring the role of selected genes in pathogenesis of scedosporiosis. The first step in developing functional genomics tools for Scedosporium species would consist in the identification of selection markers suitable for these fungi to elaborate a convenient genetic transformation protocol, 108 as successfully done recently in Lomentospora prolificans with the disruption of three of the genes involved in the melanin biosynthesis pathway. 109 Looking further ahead, additional genetic tools should be developed such as recyclable marker modules, reporter genes, a nonhomologous end-joining pathway deficient strain, and conditional gene expression systems. [110] [111] [112] [113] This represents an essential prerequisite for expediting gene manipulation opportunities and for validating gene function in Scedosporium species.
Treatment of infections caused by multidrug resistant fungal pathogens
Progress has been made in the past few years for treatment of Aspergillus infections in CF patients, with the availability of some new antifungal drugs (isavuconazole and the echinocandins, capsofungin, micafungin, and anidulafungin). Recently, the Cystic Fibrosis Foundation Therapeu-tics awarded the Pulmatrix company (Lexington, MA) for the development of a new formulation combining itraconazole with the dry powder iSPERSE TM technology which allows delivering by inhalation high doses of drug directly in the lungs while minimizing side effects. This formulation called PUR1900 has been designated by the US Food and Drug Administration a Qualified Infectious Disease Product (QIDP) as a potential treatment of ABPA in patients with CF. However, treatment of fungal respiratory infections in CF remains challenging when they are caused by multiresistant microorganisms like Scedosporium or Lomentospora species or the emerging Rasamsonia species.
In vitro studies showed that these fungi exhibit a total resistance or a low susceptibility to most available antifungal drugs. Nevertheless, several bodies of work performed in the past few years highlight the potential for antifungal combination therapy for of Scedosporium/Lomentospora infections, some of which include the use of the echinocandins, particularly micafungin, for example for Rasamsonia infections.
In vitro susceptibility of Scedosporium/Lomentospora species
Several studies have been conducted over the past two decades on in vitro susceptibility of Scedosporium species and L. prolificans species to systemic antifungals. They revealed the lack of activity of flucytosine, as well as amphotericin B and the triazole drugs, fluconazole, itraconazole, and isavuconazole. [113] [114] [115] [116] [117] [118] [119] Besides, the first cases of airway colonization by Scedosporium species in CF patients were detected after eradication of A. fumigatus with itraconazole therapy in patients diagnosed retrospectively as cocolonized. 120 In vitro, the best results were obtained for voriconazole and to a lesser extent for posaconazole, thus confirming voriconazole as the recommended treatment for scedosporiosis and its higher efficacy against Scedosporium species compared to L. prolificans. 121 In addition, although not licensed for these infections, the echinocandins exhibit in vitro some activity against Scedosporium species, as well as terbinafine against L. prolificans. 122 At the species level, S. apiospermum and S. boydii share highly similar in vitro antifungal susceptibility patterns, whereas distinct antifungal susceptibility profiles were found for S. aurantiacum or L. prolificans. 117, 119 Additionally, in a recently published epidemiological study, 161 isolates from 73 patients were tested. 44 The results revealed a wide range of minimum inhibitory concentrations (MICs), particularly for S. apiospermum and S. boydii. Therefore, precise species identification and in vitro susceptibility testing are crucial at the beginning of-or even better before initiating-an antifungal treatment for a Scedosporium/Lomentospora infection. Discussing antifungal treatment in case of such infections, the logical consequence is to implement a broad treatment with a combination of two or even three drugs for an efficient clinical response and to prevent acquired resistance. This strategy is supported by recent in vitro studies testing the efficacy of double combinations of antifungal agents against Scedosporium spp. Thirty-five combinations of antifungals were tested against Scedosporium species by a checkerboard microdilution method, with determination of the fractional concentration index. 123 This study revealed that combinations of voriconazole with an echinocandin or with terbinafine may have a therapeutic advantage in case of Scedosporium or L. prolificans infections, respectively. 123 Other studies also showed a synergistic effect of combinations of voriconazole or amphotericin B with echinocandins against both S. apiospermum and L. prolificans, 124 as well as terbinafine plus itraconazole, miconazole or voriconazole against L. prolificans. [125] [126] [127] So although there is insufficient evidence to make any recommendation, combination therapy could have clinical efficacy against Scedosporium/Lomentospora infections, as illustrated in the next section of this review.
Regarding triple combinations of antifungals, very few studies have been conducted. Two triple combinations (amphotericin B plus voriconazole plus anidulafungin or micafungin) have been evaluated. In vitro testing showed they were synergistic against L. prolificans, 124 but this was not confirmed in a murine model: double combinations of micafungin plus amphotericin B or voriconazole were able to reduce fungal burden in the brain and kidneys conversely to that observed when the triple combination was used. 128 
Treatment of Scedosporium species/Lomentospora prolificans infections
Although Scedosporium species and L. prolificans are often isolated as asymptomatical colonizers of the respiratory tract, [9] [10] [11] patients with CF whose decreased lung function is associated with the isolation of Scedosporium species as the only potential pathogen have been described. [129] [130] [131] [132] Regarding the entities of fungal diseases, these fungi may cause in CF allergic broncho-pulmonary mycosis (ABPM) similar to the well-known ABPA. 34 The occurrence of other pulmonary infections in patients with CF is not yet well evaluated, but invasive mycosis are common in immunocompromised patients, such as solid organ transplant recipients. [133] [134] [135] Scedosporium infections are described in one study in 3.5% of patients after lung transplantation. The 3-month all-cause mortality in this cohort was 21.7%, and the time to onset of scedosporiosis was 12 months posttransplantation. 136 Particular attention therefore should be paid before lung transplantation in patients already colonized by multidrug resistant molds. Although voriconazole is the recommended treatment of a Scedosporium or Lomentospora infection, limited success has been reported so far with single therapy. 135, 137, 138 Four cases of treatment for a suspected pulmonary scedosporiosis in CF patients without organ transplantation have been reported since 2013. The first case described an adolescent with CF and a S. apiospermum infection who was treated successfully with systemic amphotericin B and voriconazole in addition to inhaled voriconazole. 129 The second case was a 35-year-old female with pneumonia due to S. apiospermum, which was isolated from BAL fluid. In this case the severe infection could only be treated successfully by the use of systemic caspofungin and voriconazole together with inhaled amphotericin B. 130 In a third case, an endobronchial acute manifestation of a S. apiospermum infection was described. Treatment with voriconazole showed no significant clinical response. Only a bronchoscopy, which was initiated, showing an obstruction by mucus plugs and bronchial cast, could improve the patient's clinical status by removal of the mucus plugs. 131 The fourth case described a 24-year-old female with CF who developed an acute infection caused by S. apiospermum. Treatment was initiated with posaconazole orally, which allowed no clinical benefits. Implementing the treatment with a combination of oral voriconazole and terbinafine stabilized the clinical status of the patient awaiting lung transplantation. Post-transplantation, a bronchoscopy was routinely performed revealing negative direct examination and culture for fungi from the BAL fluid. 139 In addition to severe pulmonary infections, osteomyelitis as well is described in lung transplanted CF patients 140 but may also occur in less severely immunocompromised patients as it has been reported a case of spondylodiscitis in a young CF adult 1 year after diagnosis of pancreatic insufficiency and cortico-steroid induced diabetes. 141 Therefore, to sum up, one should be cautious with monotherapy with voriconazole, since breakthrough infections can occur and have been reported in the literature. 142, 143 If the highly resistant L. prolificans is detected, a brought combined antifungal therapy including voriconazole should be considered, 144, 145 associated for example with an echinocandin as described in a successfully treated patient with osteomyelitis in the United States. 145 However, although a variable outcome has been reported, the combination of voriconazole with terbinafine or liposomal amphotericin B may also show some efficacy for treatment of a L. prolificans infection. [146] [147] [148] [149] [150] [151] [152] [153] [154] Interestingly, combinations of antifungals with miltefosine, antipsychotic drugs, or cysteine derivatives might be promising therapeutic strategies and have been already tested for the treatment of scedosporiosis. [155] [156] [157] Additionally, new antifungal drugs targeting the acylation step in the glycosylinositol pathway of GPI-anchored call wall proteins or the dihydroorotate dehydrogenase should be evaluated in animal models since they exhibit potent in vitro activities against Scedosporium species and Lomentospora prolificans. 158, 159 Rasamsonia argillacea species complex Rasamsonia species, formerly considered as Geosmithia species, are morphologically very similar to Penicillium and Paecilomyces species. Rasamsonia argillacea, which is now considered a four-species complex, 49 has been described to colonize the airways of CF patients. [160] [161] [162] Using rep-PCR, the first molecular evidence of chronic airway colonization by these fungi in CF patients was demonstrated. 68 The impact of these fungi on the clinical course in CF appears to be small. No decline in lung function or reduction in body mass index is evident to date. In addition, severe pulmonary infections due to Rasamsonia species in non-transplanted CF patients have not been reported, although single case reports of clinical deterioration and lung function decline have been recently described. 69 Significant broncho-pulmonary exacerbations have been reported in one patient. Several antifungal drugs were used successively, but only with micafungin the therapeutic intervention could influence the exacerbation in a significant manner. 163 Nevertheless, virulence of these fungi has been demonstrated in two case series covering nine patients with chronic granulomatous disease 164, 165 or in a case report from the United States describing a pulmonary and aortic graft infection by R. argillacea in an immunocompetent patient. 166 In this case the fungus was first misdiagnosed as Penicillium sp. Re-identification of the fungus as R. argillacea and subsequent treatment with posaconazole and micafungin together with surgery reached sufficient clinical response. Most recently, a case report on a CF patient after lung transplantation demonstrated the pathogenicity in immunosuppressed patients. A 21-year-old patient with CF died after transplantation without diagnosing the underlying respiratory disease, but the autopsy demonstrated disseminated angioinvasive fungal infection involving lungs, heart, thyroid, large bowel, small bowel, kidneys, right eye, skin, diaphragm, and skeletal muscle. Gross examination demonstrated innumerable tan-yellow nodules involving the pericardium, endocardium, myocardium, lungs, and pleura. The fungus was confirmed as R. aegroticola based on sequencing the ITS regions of rDNA. 167 Interestingly, this patient was colonized two years before lung transplantation by a fungus initially considered morphologically as Paecilomyces sp. After death of the patient, pretransplant isolates were reidentified by molecular methods as R. aegroticola and RAPD analysis demonstrated that, as described by Symoens et al. 135 for a fatal disseminated infection following lung transplantation in a 26-year-old female with CF, pre-and post-transplant available isolates belonged to the same genotype. 167 Therefore, in single cases it might be essential to discuss the impact of R. argillacea species on an individual basis.
Although there are no epidemiologial cutoff values for species of the R. argillacea complex, most studies revealed for these fungi a high level of resistance to voriconazole (MIC ≥ 16 μg/ml) and more variable results for itraconazole (0.5 to 16), posaconazole (0.25 to 16) and amphotericin B (1 to 8). 49, 162 Likewise, it has been recently shown that the in vitro isavuconazole MICs for species of the R. argillacea complex are high, suggesting no meaningful activity for this new triazole. 168 By contrast, all isolates were highly susceptible to the echinocandins, caspofungin or micafungin, 49, 161, 162, 168 and as aforementioned micafungin was already used successfully for eradication in a CF patient with severe pulmonary infection. 163 Administration of an echinocandin therefore seems to be the best therapeutic option for a Rasamsonia infection, and in cases of disseminated infections, a double combination of micafungin or caspofungin with posaconazole should be discussed.
Future directions
Although some progress has been made recently in the detection of fungal colonization of the airways/respiratory infections in CF, and in the treatment of the severe disseminated infections these fungi may cause in case of immunodeficiency, much remains to be done. Continuous attention in the clinical surveillance is required to detect the emergence of new fungal pathogens. Consensus guidelines for mycological examination of respiratory secretions from CF patients are urgently needed for accurate determination of the prevalence of the different fungal species associated with CF and of its variations according to CFTR mutations, or geographical origin and age of the patients. Likewise, collaborative studies should be conducted to define the value of some recently described molecular methods and markers, including antibodies and other immunological markers, to distinguish respiratory infections from an airway colonization, or to determine the clinical significance of a chronic colonization of the airways and the possible genetic risk factors for fungal airway colonization/respiratory infections. Another important question, which needs to be answered, deals with the early treatment of airway colonization, independently of a respiratory infection. Likewise, given the paucity of treatment options for fungal infections in patients with CF, clinical studies should be conducted on the new antifungal drugs or formulations that are in the pipeline. [169] [170] [171] Finally, with the recent availability of genomic resources on Scedosporium species, basic research on these pathogens should be conducted in order to improve our understanding of the pathogenesis of fungal respiratory infections in CF and to define new antifungal targets.
